Introduction
The versatile chemistry of biomolecules provides an intriguing and sophisticated means to incorporate nano-building blocks into biological environments as well as into supramolecular structures by self-assembly. [1] [2] [3] [4] [5] [6] [7] Such processes can be suitably controlled by tuning the experimental conditions such as pH, solvent, temperature and composition, offering new opportunities for designing smart, functional materials and odevices for a range of biomedical and technological applications. [8] [9] [10] Peptides, lipids, polynucleotides, polysaccharides, as well as polymers, gelators, and surfactants use these biomimetics to bind to and efficiently disperse carbon nanomaterials such as carbon nanotubes (CNTs) and graphene oxide (GO) in aqueous and biological media. Such dispersing approaches facilitate the bottom-up formation of highly ordered structures resulting in fascinating synergies, affording additional functions useful for a large number of applications ranging from sensing, catalysis, drug delivery and to tissue engineering. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] In this regard, the use of de novo peptides, whose sequence, length, structure and assembly can be conveniently tailored, is an efficient and elegant route for the preparation of stable CNT dispersions, [31] [32] [33] [34] [35] [36] as well as for the directed incorporation of CNT building blocks into hierarchical structures 31, [37] [38] [39] [40] and functional devices. [41] [42] [43] In particular, peptide-functionalized nanomaterials are increasingly playing an important role in tissue and biomedical engineering for the development of novel synthetic scaffolds for cell culture in vitro that closely resemble in vivo conditions and show improved biomimetic properties. [44] [45] [46] [47] Oligoglycines are examples of synthetic peptides with exceptional self-assembly capabilities. Amino-terminated bi-, tri-, and tetraantennary oligoglycines non-covalently assemble, through cooperative hydrogen bonding formation, into biocompatible rigid, two-dimensional (2D) structures called tectomers, either in solution or in surface-promoted processes. 48, 49 The unique self-assembly features of amino-terminated oligoglycine have been successfully exploited to coat negatively-charged surfaces, such as mica 48, 50 and bacteria membranes, 51 viruses through oligoglycine glycosylation, 50, 52, 53 and polymer fibers by covalent functionalization. 54 Furthermore, we have recently demonstrated the capabilities of tectomers as efficient pH-sensitive nanocarriers, making them extremely attractive for biosensing and therapeutic applications. 55 To the contrary, although from the same family, oligoglycine-based bolaamphiphiles that possess carboxylic (instead of amino) head groups do not assemble as tectomers but as vesicles and microtubes, because of the electrostatic repulsion between ionized carboxylic groups. 56, 57 Tectomers have the ability to form extensive, surface adaptive, ultrathin coatings and, on top of that, are biocompatible and may act as biointerfaces. This, together with the atomically smooth rigid 2D structure (which is very unique to this system), pH-responsive nature and chemical reactivity of their terminal amino groups are attributes that make tectomers very appealing as platforms for engineering novel functional layered biomaterials. Hybrid materials that efficiently utilize these tectomer features, as well as the outstanding physicochemical properties of CNTs and GO, may be of interest in biomedicine and for a variety of other technological applications.
Here we report, for the first time, on the formation of oligoglycine tectomer hybrids with CNTs and GO. We provide evidence that the different structural features of CNTs and GO significantly affect their interaction with amino-terminated biantennary and tetraantennary oligoglycine peptides (hereafter designated as 2T and 4T tectomers). The molecular structures together with the schemas of their 2D tectomer assemblies are shown in Fig. 1 . Our results show that tectomers provide adhesive properties and enhanced stability to the tested coatings and assemblies. Their strong interfacial interaction with both CNTs and GO in these hybrids can be efficiently controlled by adjusting the pH. In addition, we show that such CNT/tectomer hybrids can form efficient coatings on GO fibers and consequently can be used as 2D and ultimately 3D scaffolds for culture of cells, therefore, providing interesting in vitro human cell culture models.
Materials and Methods

Materials
Amino-terminated biantennary (2T) and tetraantennary (4T) oligoglycine peptides, C 8 H 16 (-CH 2 -NH-Gly 5 ) 2 •2HCl and C(-CH 2 -NHGly 7 ) 4 •4HCl, respectively, purity > 95%, were supplied by PlasmaChem GmbH and used as received. Oligoglycine solutions in ultrapure water (Siemens LaboStar DI/UV 2 system, resistivity: 18.2 MΩ cm at 25 ºC) were prepared by bath sonication (100 W Branson 2510 bath sonicator) for 2 min and then probe sonicated (500 W Cole Parmer Ultrasonic Processor) in pulsed mode (1 s on, 3 s off, amplitude: 21 %) for 16 min (4 min of effective "on" sonication, transferred energy: 1,000 J). Single-walled carbon nanotubes (SWCNTs) produced by the HiPco process (average diameter of 1 nm, and 1 micrometer long, batch # RO501) were purchased from Carbon Nanotechnologies, Inc. Multi-walled carbon nanotubes (MWCNTs), 20 to 40 nm in diameter, and carboxylated MWCNTs (MWCNT-COOH), 18.0 wt.% oxygen, 70.5 wt.% carbon, were purchased from PlasmaChem GmbH. GO (44.9 wt.% oxygen, 44.6 wt.% carbon) was supplied by CheapTubes Inc. MWCNT-COOH and GO dispersions were prepared by bath sonication for 2 min. CNTand GO/oligoglycine peptide dispersions were prepared by mixing oligoglycine peptide solutions with CNT or GO solutions with a volume ratio 1:1, followed by the probe sonication procedure described above in the case of CNTs. Except otherwise stated, final concentration of all species was 1 mg mL -1 . Typical volumes of the prepared hybrid dispersions were in the 4 to 8 mL range.
pH values of solutions were measured using a Crison Basic 20 pH meter. Due to its low electrical conductivity, reliable pH measurements of ultrapure water were achieved by adding KCl, and the pH value of 6.5 was obtained. In the case of oligoglycine solutions, pH values depend on concentration, due to HCl coming from oligoglycine synthesis. 49, 55 Thus, for 2 mg mL -1 , 1 mg mL -1 and 0.5 mg mL -1 2T solutions in water, pH was 5.2, 5.6, and 5.8, respectively, while in the case of 4T, pH was 5.7, 6.0, and 6.1. Buffer pH 12.0 was purchased from Aldrich, while buffer pH 7.4 and buffer pH 2.2 were prepared from Na 2 HPO 4 and NaH 2 PO 4 solutions, and from citric acid and Na 2 HPO 4 solutions, respectively.
GO fiber spinning and coatings
GO fibers, 60 micrometers in diameter, were wet-spun as reported elsewhere. 58 In brief, 5 mg mL -1 liquid crystalline GO dispersions were coagulated in calcium chloride bath, rinsed with ethanol, and then dried in air under tension. According to X-ray photoelectron spectroscopy analysis, the C:O atomic ratio for the GO material used was 2.01. GO fibers were coated with tectomers by impregnation in oligoglycine solutions carried out for 18 h. The resulting GO/tectomer fibers were coated in a second step with MWCNT-COOH by impregnation in MWCNT-COOH dispersions for 18 h. Alternatively, GO fibers were coated with MWCNT-COOH/tectomer hybrids directly by impregnation in MWCNT-COOH/oligoglycine solutions for 18 h. Each coating step was followed by a 3 h immersion in water to remove non-specifically bound materials and to assess the stability of the coatings.
MWCNT/tectomer free-standing films
MWCNT-COOH/tectomer free-standing films were prepared by drop casting 0.7 mL of MWCNT-COOH/oligoglycine solutions on Millipore Mitex™ PTFE filter membranes (pore size 10 m). Fourprobe electrical conductivities of strips of these films were calculated from resistance values measured using a Keithley 2000 Multimeter.
Electron microscopy characterization
Transmission electron microscopy (TEM) characterization was conducted using a TECNAI T20 microscope. Samples for TEM imaging were prepared by depositing a droplet of the solutions onto carbon-coated copper grids that are then allowed to dry under ambient conditions after wicking away most of the solution. For buffer pH 2.2 samples, phosphotungstic acid were used as staining agent to distinguish vesicular structures. Scanning electron microscopy (SEM) characterization of tectomers/GO hybrids dried on Al foil and of coated GO fibers was performed with an Inspect F-50 field emission SEM microscope. In order to image the structural features of the peptide assemblies in solution, brightfield images were obtained using a Leica SP5 laser scanning confocal microscope (LSCM) equipped with a 63× 1.4 NA HCX PL APO oil immersion objective. Also the prepared dispersions were characterized by environmental scanning electronic microscopy (ESEM, Quanta FEG 250 ESEM microscope, FEI Company). The ESEM microscope chamber pressure and sample temperature were set at 650 Pa and 1 ºC, respectively, which leads to a 100 % relative humidity.
Atomic force microscopy characterization
Atomic force microscopy (AFM) studies were performed using a NTEGRA AFM microscope (NT-MDT) operating in semicontact mode. AFM probes (Nanosensors™) with a force constant ranging from 10 to 130 N m -1 were used. All images were corrected for the tilt of the sample and background subtraction was employed. One drop of the prepared oligoglycine peptide solutions were spincoated onto a freshly cleaved mica substrate (at 3000 rpm for 7 s). The substrate was spun again twice at the same speed and time, to remove excess of non-specifically adsorbed material.
X-Ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was performed on aqueous solutions dried on Al foil using an ESCA Plus Omicron spectrometer provided with a Mg anode (1253.6 eV) working at 225 W (15 mA, 15 kV). When required, binding energy (BE) positions were corrected by setting the aromatic C1s component at a BE of 284.5 eV. CASA software was used for the peak deconvolution and Shirley type baseline correction was applied.
Absorption spectroscopy
Absorption UV-vis spectra were recorded on a Shimadzu UV-1800 spectrophotometer and was used to monitor the removal of tectomers from solution upon precipitation in experiments with GO.
Contact angle measurements
Contact angle measurements were performed using a KRÜSS Drop Shape Analyzer DSA 100 system. 200 µL of the tested solutions were drop-cast on glass microscope slides (Ghäasel) and left to dry overnight. 4 µL ultrapure water droplets were deposited onto peptide-coated surfaces by means of an automatic dosifier at room temperature (22º C). Contact angle values were calculated from high resolution optical photographs of the deposited drops using a digital image processing software. At least six measurements were performed for each sample.
Zeta-Potential measurements
A Malvern Zetasizer NanoZS instrument, equipped with a with a 4 mW 632.8 nm He-Ne laser, has been used to measure the electrophoretic mobility, and zeta (ζ)-potential values have been calculated from the Henry equation, using the Smoluchowski model. 2T, MWCNT-COOH and MWCNT-COOH/2T dispersions were prepared in water, at room temperature 25ºC. In these samples, 2T concentration was 0.5 mg•mL -1 , whereas that of MWCNT-COOH was as low as 0.0025 mg•mL -1 to obtain optically clear samples.
Cell viability studies
For cell viability studies, pristine tectomer, MWCNT-COOH, and MWCNT-COOH/tectomer hybrid samples were drop-cast in a standard polystyrene 96-well plate (Thermo Fisher Scientific), air-dried, and sterilized for 10 minutes in a UV/ozone generator (BioForce Nanosciences). Cell viability/growth on the tested samples was assessed by the MTS spectrophotometric assay (CellTiter 96 AQueous One Solution Cell Proliferation kit; Promega Corporation) based on the metabolic activity of cells. The viability of three pancreatic adenocarcinoma cell lines, i.e., AsPC-1, PANC-1 and BxPC-3, was monitored. AsPC-1 and PANC-1 cells were cultured in DMEM growth medium with high-glucose (4.5 g/L) (Lonza Ltd) supplemented with 2 mM L-glutamine (Sigma-Aldrich), 10% foetal bovine serum (Invitrogen) and 100 U/mL PenicillinStreptomycin (Invitrogen). BxPC-3 cells were cultured in RPMI-1640 medium (Lonza Ltd) supplemented with glutamine and penicillin-strepromycin as described above for DMEM. The pH of the culture media was 7.0-7.6. The medium was replaced frequently, therefore assuring no significant pH drop due to cell metabolism/activity. Cells were grown at a density of 10 4 cells/well in an incubator at 37ºC and 5% CO 2 for up to 4 days, and cell viability measurements were carried out at three time points, i.e., one, two and four days after seeding (day 1, day 2 and day 4). Wells without pristine tectomer, MWCNT-COOH or MWCNT-COOH/tectomer were used as controls. The measured absorbance is directly proportional to the number of viable cells. Two independent experiments (N=2) were carried out, and two wells were tested for each time point (n=2). To investigate the biocompatibility of the GO fiber coated with tectomers and MWCNT-COOH/tectomer hybrids, optical microscopy was used. For the sample preparation both types of GO fibers were fixed to the bottom of a 24-well plate (Thermo Fisher Scientific) using epoxy resin as a glue. Pancreatic cancer cell lines (maintained as above) were plated at a density of 10 5 cells/well (duplicates were performed) and cultured for 3 days in the prepared plate. Visual observation was performed using a Zeiss Axiovert 40C optical microscope with a x40 objective.
Results and Discussion
Tectomer formation and properties
Using a combination of scanning probe and electron microscopies, we investigate the nature of the self-assembly of 2T and 4T, respectively (Fig. 1) . Microscopy characterization of tectomers that result from 1 mg mL -1 solutions in water is shown in Fig. 2 and Fig. S1 . The 2D nature and micrometer size of the tectomer assemblies resemble the structural features of liquid phase exfoliated graphene and other inorganic layered materials. 59, 60 AFM studies for 2T tectomers reveal that the molecules assemble into single-layered platelets with an average thickness of 5.6 nm, which exhibit angstrom-scale root-mean-square roughness. Extensively smooth tectomer coatings can also be formed, as shown in Fig. 2e ,f. AFM and theoretical studies of structural features of the assemblies formed by oligoglycines reported elsewhere, 48, 50, 52 show a thickness value of 4.5 nm for 4T tectomers.
Wettability studies conducted on tectomer-coated glass substrate show that the deposited tectomer films provide enhanced glass hydrophobicity upon peptide fuctionalization. Contact angle values increase from 18.6° (bare substrate) to 58.5° and to 88.7°, for 2T and 4T tectomer films, respectively (Fig. S2) . We hypothesize that the enhanced surface hydrophobicity is due to the formation of strong electrostatic interactions between tectomers and hydrophilic surfaces, leading to the exposure of nonpolar sites on the top (Fig. S2d) . The tectomers are highly pH sensitive, and understanding the effect of pH on oligoglycine assemblies is a key issue towards developing functional tectomer-based coatings. As mentioned above, oligoglycine assembly in the form of tectomers already occurs in water. pH shifting of the oligoglycine solutions towards alkaline condition triggers deprotonation of terminal amino groups and the loss of the associated electrostatic repulsions resulting in extended tectomer formation. Thus, 2T tectomers formed at pH 7.4 are not soluble and fall out of solution. 55 pK = 9.6 for glycine amino acid, however in tectomer assemblies the amino terminal groups are in close vicinity, and it is well-known that protonation of amino groups in polyamines electrostatically suppresses subsequent protonation processes in neighboring groups. [61] [62] [63] Therefore, at pH 7.4, a significant number of amino terminal groups in tectomer assemblies are deprotonated, which allows extended tectomer formation. On the other hand, under acidic conditions, electrostatic repulsion between neighbouring terminal amino groups, due to strong protonation, leads to tectomer disassembly, and to the formation of vesicular and tubular structures for 2T (Fig. S3a,b) and 4T (Fig. S3c,d) , respectively, at pH 2.2.
CNT/tectomer hybrids
Here we developed CNT/tectomer hybrids that take advantage of both the outstanding pH-responsive 2D assembly structure/surface coating capabilities of tectomers and the unique physical properties of CNTs. 64 We have shown previously, that CNTs can be successfully dispersed using amphiphilic α-helix [31] [32] [33] and β-sheet 35 peptides. Guided by this experience, we first attempted to disperse pristine HiPco SWCNT and MWCNT in water using 2T and 4T. However, these peptides were not successful at dispersing pristine CNTs and the resulting dispersions consisted of large aggregates. TEM characterization of these samples confirmed that there is very little interaction between tectomers and non-functionalized CNTs (Fig. 3) .
In contrast, when using carboxyl surface modified multiwalled carbon nanotubes (MWCNT-COOH), uniform and stable water dispersions were obtained with both 2T and 4T. TEM and AFM studies show extensive peptidic coating on the MWCNT-COOH surface (Fig. 4 and Fig. S4 ). In addition, Fig. 4c ,e reveal that tectomers adapt to the nanotube curved surface. The successful coating suggests that the oligoglycine assembly can be promoted on the MWCNT-COOH surface in similar fashion to the tectomer assembly reported on mica 48 or viruses. 52, 53 Electrostatic interactions between the protonated amino terminal groups of oligoglycine and the negative charges of the carboxylic acid groups of the MWCNT-COOH (point of zero charge pH PZC 3.1) 65 account for the hybrid formation in water. This kind of interactions is well established in the literature for other carboxylated CNT/peptide systems. [66] [67] [68] [69] [70] [71] [72] In contrast, no electrostatic interaction between the tectomers and pristine CNTs (pH PZC 6.6) 65 is expected. This lack of interfacial interaction, as observed in Fig. 3 , does not allow for the preparation of stable dispersions with non-functionalized CNTs. Interestingly, the interactions between the tectomer and MWCNT-COOH can be modified by changes in the environmental pH (Fig. S5) . We have explored pH2.2 and pH≥ 7.4 to have further evidences of the electrostatic nature of the interactions involved. Upon shifting the pH value to 2.2, the tectomer coating disassociates due to the strong protonation of the amino groups in oligoglycine. Additionally, at these low pH levels, carboxylic groups are not ionized, which yields insoluble MWCNT-COOH. On the other hand, at pH 7.4 there are no favorable electrostatic interactions with the tectomers (most of the amine terminal groups of the tectomers are not protonated), thus no tectomer coating is present on MWCNT-COOH. A similar lack of MWCNT-COOH/tectomer interaction was achieved at pH 12.0. The ability to tune the peptide coating as a function of pH is very attractive for a variety of applications that require pH-responsive biointerfaces. For example, functionalized CNTs could be controllably released from a pH-dependent peptidic coating upon dissociation at low environmental pH.
_________________________________________________________________________________________________________
A detailed XPS study was performed to gain further insights into the nature of the interaction between CNTs and tectomers. The N1s XPS core level regions are compared in Fig.  5 . As only the oligoglycine molecule contains nitrogen, changes in N1s XPS spectra can be interpreted in terms of the interactions established by oligoglycine tectomers with MWCNT-COOH. The peak at binding energy (BE) 402 eV assigned to protonated amino groups (NH ) in the tectomers, disappears in the presence of MWCNT-COOH. This can be explained by the neutralization of the positive charge due to the electrostatic interaction with negatively charged carboxylic groups (COO -) in MWCNT-COOH. On the other hand, the peak at 400 eV, corresponding to the nitrogen atoms in the oligoglycine antennae, which are involved in hydrogen bonding (NH•••O=C), is shifted to a higher BE in the presence of MWCNT-COOH (1.2 eV and 0.8 eV for 2T and 4T, respectively), suggesting partial disruption of the tectomer's hydrogenbonded network. Thus, as it is represented in Fig. 6 , electrostatic interactions would be strong enough to induce curvature in the tectomer assemblies, leading to some hydrogen bond breaking. High resolution XPS spectra corresponding to samples of oligoglycines, MWCNT-COOH and hybrids are shown in Fig. S6-S8 . For 4T tectomers, hydrogen bonds are formed between the antennae attached to a central carbon (Fig. 1b) , which provides restricted mobility and therefore enhanced tectomer structural rigidity. Thus, the interaction with the curved surface of MWCNT-COOH is less favored than for 2T tectomers. This is in agreement with the smaller shift observed in the N1s XPS spectra in Fig. 5 , which suggests less interaction than in the case of 2T tectomers. in CNT provides useful anchor sites for tectomers, the electrostatic forces between NH and COO -groups being the driving force of hybrid formation. Curvature in the tectomer assembly leads to hydrogen bond breaking, as XPS study suggests.
We therefore conclude that electrostatic interaction between NH and COO -group, is the driving force for MWCNT-COOH/tectomer hybrid formation. This would also explain the lack of interaction of tectomers with nonfunctionalized CNTs (Fig. 3) , as well as with MWCNT-COOH at pH out of the range of values from 3.1 to 7.4 (Fig. S5) . Donation of electron density from non-protonated amino groups in tectomers to the π system of CNT 73 might additionally contribute to the observed shift in the peak at 400 eV in Fig. 5. ζ-potential provides useful information on changes of the surface charge of nanoparticles after coating procedures. ζ-potential values of +20.95 mV and -40.70 mV were obtained for 2T and MWCNT-COOH dispersions, respectively, which are related to the presence of protonated terminal amino groups in tectomers and ionized carboxyl groups in MWCNT-COOH. For MWCNT-COOH/2T dispersions, ζ-potential was +4.42 mV providing further evidence of peptidic coating on MWCNT-COOH. ζ-potential results, though, should be taken with caution for non-spherical, large aspect ratio particles such as CNTs and tectomers due to the well-known limitations of the Smoluchowski equation. 74, 75 The strong MWCNT-COOH/tectomer interaction has an effect on the water resistance properties of the hybrids. Fig.  7a ,b compares the effect of water droplet deposition in dropcast MWCNT-COOH and MWCNT-COOH/tectomer coatings on glass substrates. Our results show that only tectomerhybridized coatings remained unaltered.
MWCNT-COOH/tectomer
free-standing films on hydrophobic Mitex TM PTFE filter membranes were prepared by drop casting. The resulting films were then peeled-off from the substrates. The films consist of entangled networks of CNT/tectomer hybrids (Fig. 7c) , and side views (Fig. 7d) show the layered structures of these films that resemble those observed in CNT buckypapers 76 and in graphene-based sheets. 77, 78 The films are electrically conductive (1 S cm -1 ); the conductivity is comparable to or even higher to those reported in the literature for biocompatible composite materials based on chitosan and CNTs or carbon nanofibers. [79] [80] [81] In the absence of the tectomer binder, the MWCNT-COOH dispersions used do not form free-standing films.
GO/tectomer hybrids
The strong interaction between tectomers and MWCNT-COOH, that led to the successful fabrication of multifunctional hybrids, directed our focus on the fabrication of GO/tectomer hybrids. Combining the 2D structures of both tectomers and GO is very appealing for a range of applications, in particular for certain bio-applications that require high surface area materials to act as coatings for implants or as scaffold to enhance biocompatibility, mechanical, and other properties. [82] [83] [84] [85] Here we investigate the interactions between the tectomers and GO with the intention of achieving GO-based biocomposites. For this study, we used well-exfoliated and stable GO dispersions in water. After addition to the tectomer solution (either 2T or 4T), GO instantaneously flocculates, resulting in a colorless supernatant (Fig. 8a, Fig. S9a , and Movie S1). Thus, the results are strikingly different from for MWCNT-COOH. The supernatant can be removed, and the sediment dried to obtain a GO/tectomer hybrid composite.
SEM characterization of the flocculated GO sediments, after being thoroughly washed with water to remove the non-specifically bound materials, shows extensively coating of highly exfoliated GO on rigid tectomer platelets (Fig. 8c,d and Fig. S9c,d ). Due to the 2D structure of both tectomers and GO, the interfacial interaction per unit area in these hybrids is maximized, leading to the formation of novel, unique multilayered assemblies. UV-vis spectroscopy studies performed on the resulting supernatants provide a quantitative estimation of the amount of oligoglycine involved in the formation of these hybrids during GO sedimentation. From the decrease in intensity in the absorption spectra in Fig. 8b and Fig. S9b , we conclude that there is a 40% decrease in 2T molar concentration (60% in the case of 4T), as tectomers are removed from solution due to the interfacial interaction established with GO. Efficient GO removal from solution when mixed with oligoglycine solutions is demonstrated when comparing the resulting clear supernatants shown in Fig. 8 and Fig. S9 to pictures of high diluted GO solutions (Fig. S10) . Thus, tectomer-assisted flocculation is an ideal way of efficiently recovering GO flakes from aqueous dispersion without the need of additional flocculation agents.
Tectomers efficiently interact with both MWCNT-COOH and GO. The chemical nature of the interaction with tectomers is, however, different for both carbon nanomaterials: while carboxylic groups in GO are only located at the periphery of the GO structure, epoxyand hydroxyl groups extensively functionalize the basal plane, [86] [87] [88] and are capable of hydrogen bonding formation with the amino terminal groups of tectomers. Actually, strong ionic hydrogen bonds can be formed if amino groups are protonated as N +__ H•••O. 89 This has been confirmed by XPS characterization. High resolution XPS spectra of GO and GO/tectomer hybrids are presented in Fig. S11 and S12, respectively, and the corresponding N1s XPS spectra are compared in Fig. 9 . All peaks are shifted to lower BE in the GO/tectomer hybrids, suggesting the donation of electron density from oxygenated groups in GO to tectomer, leading to hydrogen bonding formation. As indicated above, strong ionic hydrogen bonds could be established between GO and protonated amino groups of tectomers (N +__ H•••O) and, consequently, it is observed in the N1s region that the peak at 402 eV, assigned to protonated amino groups, is notably downshifted (0.3 and 1.3 eV for 2T and 4T tectomer hybrids, respectively) when interacting with GO. The larger shifts in BE of the N1s features when using 4T tectomers further accounts for their stronger interaction with GO.
MWCNT-COOH/tectomer hybrid coatings on GO fibers
Because of the high affinity of tectomers to GO, the next step was to apply pristine tectomer and MWCNT-COOH/tectomer hybrid coatings onto wet-spun GO fibers (Fig. 10a) . Tectomer coatings consist of assemblies of non-covalently bound platelets (Fig. 10b) . Such coatings are extremely resistant to thorough water washing procedures, but can be successfully removed if coated fibers are immersed in buffer pH 2.2 (Fig. 10c) . On the contrary, no tectomer coating removal occurs when immersing the GO/tectomer fibers in buffer pH 7.4 (Fig. 10d) , further pointing out that the nature of the interaction between tectomers and GO is different from that between tectomers and MWCNT-COOH.
We also observed that GO fibers easily disassemble and fall apart upon direct immersion in aqueous MWCNT-COOH dispersions, due to the well-known affinity between CNT and GO. 90 However, if the fibers are first coated with the tectomer, they can then be subsequently decorated with the MWCNT-COOH (Fig.  11a,b) , with the tectomer layer acting like a protective adhesive. MWCNT-COOH/tectomer coatings are also very resistant to long water washing procedures (see Materials and Methods, section 2.2). Alternatively, ultrathin MWCNT-COOH/tectomer coatings can be fabricated by directly immersing GO fibers in MWCNT-COOH/tectomer solutions (Fig. 11c,d) . Certainly, thick CNT coatings can be achieved through multi-impregnation processes (Fig. S13) .
The simple procedure for CNT functionalization of GO fibers described here can be considered as an alternative approach to other strategies for CNT functionalization/coating of substrates (including chemical vapour deposition techniques, [91] [92] [93] [94] substrate transfer/printing, 95 the use of magnetic fields, 96 electrophoresis, 97, 98 and other substrate chemical functionalization routes 99 ), and may not be restricted to GO-based surfaces. These CNT/tectomer coatings are promising in nanoelectronics, sensor applications, catalysis, biocompatible CNT inks, cell culture and smart textile applications. These peptide functionalized GO fibers may benefit from the physicochemical properties of tectomer coatings, such as their successful binding to viruses and bacteria, [50] [51] [52] [53] as well as their nanocarrier for drug delivery and phase transfer functionalities. 55 This, combined with the GO fiber's knittability, 58 make these tectomer functionalized fibers attractive for smart bio-textile applications. Textile-based synthetic scaffolds possess excellent surface-to-volume ratio of fibers offering a huge area for cell adhesion. Additionally, the porosity of the textiles can be easily modulated at different length-scales.
Tectomer-based hybrids for bio-scaffolds
Tissue engineering tumour models are of great importance for studying ex vivo the tumour development and response to treatment. However, due to the complexity of the tumour microenvironment, building accurate in vitro tumour models for more effective research and evaluation of the potential therapeutic targets remains a challenge. 100, 101 As proof-of-concept, in order to show that the hybrid materials reported here can act as scaffoldbased tissue engineered constructs, pancreatic cancer cells were seeded on both pristine tectomer and MWCNT-COOH/tectomer scaffolds. We plated three types of pancreatic cell lines (PANC-1, BxPC-3 and AsPC-1, Fig. S14) , and monitored the cell growth via cell viability assays. All three pancreatic cell lines represent the pancreatic ductal adenocarcinoma, which is the most common cancer of the pancreas in humans. 102 PANC-1 and BxPC-3 are derived from a primary tumour, and AsPC-1 originates from ascites (metastasis). 103 Each cell line has an epithelial morphology and the adherent cells form a monolayer in culture. As can be seen in Fig.  12a -c, the cell viability on 2D pristine 2T tectomer and tectomer/MWCNT-COOH hybrid scaffolds remains high for all cell lines. For AsPC-1 cell line in particular, the cell viability on 2D pristine tectomer and tectomer/MWCNT-COOH films is as high as the control (Fig. 12c) . Nevertheless, for all cell lines under study, there is a significant reduction of the cell growth on the pristine MWCNT-COOH substrates in the absence of tectomer. This reduction is more pronounced for PANC-1 and BxPC-3 cell lines and it is less for AsPC-1 cell line. However, it is evident that for all cell lines under study the presence of the tectomer stimulates cell growth. Similar cell culture results have been achieved for 4T (Fig.  S15 ). In these cell culture tests, the MWCNT-COOH/tectomer films were stably attached to the bottom of the plates, allowing the pancreatic cells to grow and it was verified that these films did not fall apart or degrade during the whole culture period. Fig. S16a,b shows that the drop-cast MWCNT-COOH/tectomer films remain unaltered upon buffer pH 7.4 or cell culture medium pH 7.0-7.6 droplet deposition.
In addition, SEM characterization of GO fibers coated by MWCNT-COOH/tectomer hybrids shows that the hybrids are not detached from the GO fibers after immersion in buffer pH 7.4 or cell culture medium pH 7.0-7.6 for 3 days (Fig. S16c-f ). As shown in Fig.  12d ,e, pancreatic cancer cell lines (PANC-1 cells in particular in this figure) efficiently attach to the GO fibers covered with pristine tectomers and tectomer/MWCNT-COOH hybrid coatings. Furthermore, the GO fibers can provide a 3D-like environment for the cells to grow, as they can be incorporated into higher order (Fig. 12f) . The latter is of importance in tissue engineering as it can provide a 3D environment which can enhance cell-cell interactions, which is critical for cancer screening studies.
Discussion of potential applications of hybrid composites and coatings
The use of amino-terminated oligoglycines offers attractive biofunctionalization to carbon nanomaterials. The interaction of tectomers with CNTs can be suitably controlled by adjusting the pH, therefore opening interesting avenues toward applications for the CNT/tectomer hybrids. This kind of conducting bio-nanocomposites with enhanced hydrophobicity coupling protective and adhesive functionalities offer remarkable features, for example, for technological coatings, nanoelectronics, biocompatible CNT inks and smart textile applications. From the bio-applications point of view, pH-responsive CNT/tectomer interaction could be potentially used for the development of CNT-based devices such as biosensors, where tectomer coatings would additionally provide a pH-sensitive biointerface to CNT networks and electrodes. CNT/tectomer hybrids might also be of particular interest for controlled release of therapeutic and diagnostic agents, exploiting the cell penetrating capabilities of functionalized CNTs. 5, [104] [105] [106] It is known that tumoral tissues have a more acidic environment compared to healthy tissues. 107, 108 As assembly/disassembly of tectomers is highly sensitive to pH modulation, these hybrids are promising candidates for site-specific controlled delivery of anticancer drugs.
Tectomers can be used as biointerfaces for GO-based materials with potential applications as scaffolds for CNT immobilization. 80, [109] [110] [111] [112] Thus, the GO fiber impregnation strategy described here is very appealing for the fabrication of functional bio-coatings whose physicochemical properties could be suitably tuned by controlling the density, structural and chemical features of the attached CNT materials.
Hybrid materials, as described in the present paper, possess very broad application potential for tissue engineering. The characteristics of CNTs are particularly relevant, owing to the fact that their size resembles collagen protein at the nanoscale level, thus mimicking the nano-architecture of the extra cellular matrix (ECM). 113 The hybrids can be made into 2D scaffolds by vacuum filtration, spin-coating, drop-casting, etc., providing versatile and tunable scaffold characteristics. Most importantly, such hybrids can also be used to coat the inner structure of highly porous, high surface area polymeric scaffolds or the surface of GO fibers providing the necessary nanoscale topography with 3D architecture required for the efficient adsorption of cell-mediating molecules. However, CNTs without the surface modification can induce an immune response. Tectomer functionalization is simple and noninvasive, and eludes the need for the synthesis of peptides with specific chemical linkages, which could alter peptide functionality. On the other hand, as we have shown in the present work, tectomer hybrids could be used for scaffolds to engineer 'ideal tumours' as an ex vivo approach to study cancer. Furthermore, CNT/tectomer films are electrically conductive (1 S cm -1 ). Such electrical conductivity is sufficient to support electrical stimulation of cell-tissue constructs. Therefore, MWCNT-COOH/tectomer hybrids could potentially be used as scaffolds for cardiac tissue engineering. 80, 81, 114 
Conclusions
The self-assembly capabilities of amino-terminated oligoglycines into 2D tectomer structures enabled the development of novel pHresponsive, ultrathin hybrid composites and coatings of MWCNT-COOH and GO/tectomers. MWCNT-COOH/tectomer hybrids form stable inks and can be engineered in the form of conductive films. We showed that the driving force for the formation of MWCNT-COOH/tectomer hybrids is the electrostatic interaction between the negatively charged carboxylic groups of MWCNT and the positively charged protonated amino terminal groups of the tectomers. The interaction of tectomers with GO, however, led to the formation of non-soluble GO/tectomer hybrids. We showed that hydrogen bonding formation between the amino terminal groups of tectomers and the oxygen functional groups of GO accounts for the strong interfacial interaction between both 2D nanomaterials. We provide evidence that the different structural features of CNTs and GO significantly affect their interaction with 2T and 4T tectomers. Thus, the interaction with the curved surface of MWCNT-COOH is less favored for 4T than for 2T tectomers, due to the higher structural rigidity of 4T tectomers. On the contrary, in the case of GO, stronger interaction with GO occurs for 4T than for 2T tectomers. Modulation of the solution pH enabled us to obtain coated and uncoated carbon materials on demand. We have exploited the large affinity of tectomers for both MWCNT-COOH and GO to coat wet-spun GO fibers with MWCNT-COOH using tectomers as bioadhesive. Tectomer coatings can provide enhanced hydrophobicity and water resistant properties against CNT film dissociation. The hybrid materials reported here can act as biocompatible scaffold-based engineered constructs.
A plethora of novel functional bio-materials can be envisioned by further exploring the pH-dependant features of these hybrids and assemblies, wettability properties, as well as the versatile chemical functionalization of CNT, GO and oligoglycine. In particular, the strong GO/tectomer interaction and their 2D structures are very appealing for the use of the hybrids as platforms for biodevices. This could allow for the tuning of physicochemical properties along with their integration into biological environments, which may be very attractive for a range of technological and biomedical applications.
